Malaria parasites export many proteins into their host erythrocytes and increase membrane permeability to diverse solutes. Although most solutes use a broadselectivity channel known as the plasmodial surface anion channel, increased Ca ++ uptake is mediated by a distinct, poorly characterised mechanism that appears to be essential for the intracellular parasite. Here, we examined infected cell Ca ++ uptake with a kinetic fluorescence assay and the virulent human pathogen, Plasmodium 
| INTRODUCTION
Malaria is an important infectious disease that continues to cause significant morbidity, mortality, and economic loss worldwide; human disease is caused by 5 Plasmodium species, with Plasmodium falciparum being the most virulent. This pathogen's success is associated with intracellular development in erythrocytes to evade host immune responses.
To facilitate intracellular growth, P. falciparum remodels the host cell by exporting many proteins, generating a network of membranes within the host cytosol, altering deformability, and increasing erythrocyte membrane permeability to uncharged and charged organic solutes as well as some inorganic ions (Desai, 2014; Maier, Cooke, Cowman, & Tilley, 2009; Tilley, Sougrat, Lithgow, & Hanssen, 2008) .
Among inorganic ions with increased permeability, Ca
++ uptake may be the most critical for intracellular parasite development.
Eukaryotic cells depend on transient changes in intracellular Ca
++ and mediator proteins such as calmodulin and Ca ++ -dependent kinases to signal cell cycle progression, DNA replication, and cytokinesis (Takuwa, Zhou, & Takuwa, 1995) . The malaria parasite also appears to depend on Ca ++ signalling because the Ca ++ chelator EGTA inhibits intracellular development and propagation of cultures (Wasserman, Alarcon, & Mendoza, 1982; Zipprer, Neggers, Kushwaha, Rayavara, & Desai, 2014) ; nonspecific EGTA toxicity can be excluded as growth is restored by stoichiometric addition of Ca ++ with the chelator. Consistent with this, several studies have reported that the Ca ++ content of infected erythrocytes increases with intracellular parasite maturation (Kramer & Ginsburg, 1991; Rohrbach et al., 2005; Tanabe, Mikkelsen, & Wallach, 1982) , though the precise free and bound Ca ++ levels in host and parasite compartments have proven difficult to measure without perturbation. The parasite also expresses multiple Ca ++ effector proteins such as calmodulin, Ca ++ -dependent protein kinases, phosphatases such as calcineurin, and other Ca ++ -binding proteins (Brochet & Billker, 2016) . Moreover, one or more parasite organelles may function as Ca ++ stores (Budu et al., 2016; Garcia et al., 1998) . Ca ++ signalling appears to be critical for not only intracellular parasite development but also for egress from the host cell and subsequent reinvasion to initiate a new intracellular cycle (Garg et al., 2013; Glushakova et al., 2013; Weiss et al., 2015) .
Despite these critical roles, Ca ++ transport mechanisms in infected erythrocytes remain poorly characterised. At the host cell membrane, the increased uptake of most solutes is attributed to a parasitederived channel known as the plasmodial surface anion channel (PSAC; Desai, Alkhalil, Kang, Ashfaq, & Nguyen, 2005; Nguitragool et al., 2011) , but pharmacological studies suggest that the increased host cell permeability to Ca ++ is mediated by a distinct mechanism (Zipprer et al., 2014) . Several factors have hindered a clear understanding of the parasite-induced Ca ++ uptake mechanism. First, Ca ++ is effectively extruded from erythrocytes by an efficient Ca ++ ATPase pump (Stauffer, Guerini, & Carafoli, 1995) . Because specific and potent inhibitors of this extrusion pump are unavailable, erythrocytes must be treated with nonspecific agents such as iodoacetamide and vanadate to inhibit the pump and allow quantification of uptake (Desai, Schlesinger, & Krogstad, 1991) ; workers must therefore assume that these agents do not affect the passive uptake mechanisms. Second, the parasite-induced increase in Ca ++ permeability is relatively modest, with uptake estimated to be only <20-fold faster than passive entry via endogenous host cell transporters (Desai, McCleskey, Schlesinger, & Krogstad, 1996) . The combination of an efficient extrusion pump and relatively modest increase in passive uptake yields slow uptake kinetics and uncertainties about the magnitude and biological significance of increased Ca ++ content (Staines et al., 1999) .
Third, Ca ++ buffering by intracellular proteins and active Ca ++ sequestration in one or more compartments within infected cells also complicate interpretation of experimental findings. Ca ++ sequestration and release from parasite compartments also presumably involves passive and active transmembrane transporters that also remain largely unexplored.
Specific inhibitors of these Ca ++ transport mechanisms, whether endogenous to the host membrane or encoded by the intracellular parasite, may offer the best approach to addressing these uncertainties and identifying the molecular basis of these putative transporters. For example, although the increased permeability of organic solutes was known for many years (Kutner, Ginsburg, & Cabantchik, 1983; Overman, 1948 (Desai et al., 1991; Lew, Tsien, Miner, & Bookchin, 1982; Varecka, Peterajova, & Pogady, 1986 EGTA, these increases are abolished (Zipprer et al., 2014) . This Ca ++ -dependent increase in fluorescence is greater for infected erythrocytes than for uninfected cells (Figure 1a ), consistent with an increased host membrane Ca ++ permeability after infection.
To examine the responsible mechanisms, we examined Ca ++ uptake after labelling surface-exposed proteins on erythrocytes with amine-reactive N-hydroxysulfosuccinimide (sulfo-NHS) esters (Anjaneyulu & Staros, 1987) . Using two sulfo-NHS esters with different spacer lengths between the reactive NHS group and a biotin tag, we identified differing effects on infected and uninfected erythrocytes. Ca ++ uptake by infected cells was significantly slowed by sulfo-LC-LC-biotin, a reagent with a long 30.5 Å spacer arm ( Figure 1b and 1c, red symbol and bar; p < .001, n = 14 trials), but unaffected by the smaller sulfo-NHS-biotin (SNB, 13.5 Å spacer arm, black symbol and bar; p = .9, n = 14). In contrast, the modest fluorescence increase seen with uninfected cells was significantly reduced by the smaller sulfo-NHS-biotin and unaffected by sulfo-NHS-LC-LC-biotin (p = .001 and 0.15, respectively; n = 10 trials). The contrasting effects of the two reagents suggest distinct transport mechanisms for Ca ++ uptake by infected and uninfected cells. Erythrocytes infected with the divergent Dd2 or HB3 parasite lines exhibited similar effects of these labellings ( Figure 1c , p > .22 for each reagent), suggesting one or more conserved NHS-ester labelling sites on the putative surface channel or transporter.
Although NHS esters are generally membrane-impermeant and, therefore, only label surface-exposed sites, they have significant permeability into infected cells via PSAC (Cohn, Alkhalil, Wagner, Rajapandi, & Desai, 2003) . To determine whether Ca ++ uptake was inhibited by exofacial labelling or instead through reaction with one or more sites in erythrocyte cytosol, we performed labelling in the presence of 125 nM ISG-21, a potent PSAC inhibitor that abolishes uptake and haemoglobin labelling under our experimental conditions ( Figure S1 ; Pillai et al., 2012) . Addition of this PSAC inhibitor had no effect on the block in Ca ++ transport produced by sulfo-NHS-LC-LCbiotin (Figure 1d ), confirming that blocked Ca ++ uptake results from exofacial labelling. ISG-21 addition without NHS ester labelling was without effect on Ca 2+ uptake (Figure 1e , p = .7, n = 5), indicating that Ca ++ uptake is independent of PSAC.
2.2 | Exported parasite protein(s) are involved in Ca ++ uptake
To explore whether parasite proteins are involved in formation of a putative Ca ++ transporter at the host membrane, we measured uptake in 13F10, a transfected parasite clone with conditional knockdown of parasite protein export into the host cell (Beck, Muralidharan, Oksman, & Goldberg, 2014) . In this clone, HSP101, an essential component of the PTEX export translocon (Elsworth et al., 2014; Goldberg & Cowman, 2010) , carries a trimethoprim (TMP)-sensitive degradation domain at its C-terminus (Muralidharan, Oksman, Iwamoto, Wandless, & Goldberg, 2011) ; removal of TMP from cultures aborts export of nearly all parasite proteins to the host compartment. We found that Ca ++ uptake was significantly reduced in 13F10 grown without TMP (Figure 2a and 2c, p = .01, n = 7). As previously reported (Beck et al., 2014; Ito et al., 2017) , PSAC activity was also adversely affected by blocking PTEX-mediated protein export (Figure 2b and 2c). Although sorbitol uptake through PSAC was nearly completely abolished in the conditional knockdown, the effect on Ca ++ uptake was less complete, presumably reflecting transport via the divalent cation carrier native to the human erythrocyte membrane (Desai et al., 1991) .
Although these findings suggest that one or more exported parasite proteins contribute to increased Ca ++ permeability at the host cell surface, we recognise that PTEX knockdown may also indirectly compromise Ca ++ uptake by interfering with parasite maturation.
2.3 | High-throughput screen identifies Ca
++ transport inhibitors
Although there are many inhibitors of mammalian Ca ++ channels (Godfraind, 2017) , surveys of these compounds and other transport inhibitors have not identified chemicals that inhibit Ca ++ uptake by infected cells (Staines et al., 1999; Zipprer et al., 2014) . Because inhibitors specific for parasite-associated Ca ++ transport may help define the molecular basis of increased permeability and could be antimalarial drug leads, we used the cell-based fluorescence described here to (Zipprer et al., 2014) . Because dye leakage from cells would produce unacceptable background in high-throughput screens, we selected Cal-520 for further study. Although probenecid addition to our screening buffer can prevent leakage and render Fluo-8 useful, effects on other cellular activities and possible interactions with screening compounds make this a less attractive approach for chemical screening.
To obtain a robust signal for a high-throughput screen, we then (Zhang, Chung, & Oldenburg, 1999) .
We used these conditions and the multidrug-resistant Dd2 parasite line to execute a high-throughput screen for inhibitors of Ca Hits were defined as compounds with normalised block values exceeding the mean negative control by 3 standard deviations (blue histogram bars). The compound hit rate increased from 1% at the 15 min reading to 4.2% after 15 h. This increased hit rate at later time points is unexpected and contrasts with the prior PSAC screens, where the higher stringency of late readings allowed rank ordering of the most potent hits (Pillai et al., 2010) . With our fluorescence assay, this increased hit rate may reflect either an artefact of extended incubations or, more interestingly, inhibition of Ca ++ or Cal-520 redistribution that occurs over extended nonphysiological incubation.
Because our cell-based screen utilised room temperature incubations in nutrient-free saline, we did not expect parasite developmental progression. Giemsa-stained smears of cells incubated in this saline for 12 h revealed intact infected cells that did not advance through their developmental cycle, regardless of free Ca ++ concentration. Indeed, we found that a 12 h of room temperature incubation in nutrient-free saline renders all parasites nonviable, as confirmed by return to standard culture conditions for 12 days with regular microscopic examination (data not shown). Parasite death, however, does not undermine our goal of identifying and characterising Ca ++ transporters that typically do not require a viable pathogen. As an example, prior cell-based screens successfully identified potent PSAC inhibitors after extended nonphysiological incubations that also led to parasite death (Alkhalil et al., 2004; Pillai et al., 2010 (Figure 4a ). Kinetic studies confirmed that each hit blocks fluorescence development associated with Ca ++ uptake by infected cells in a dose-dependent manner (Figures 4b-d) .
Interestingly, the efficacy of most of the hits improved when extracellular Ca ++ was reduced to 8 μM in EGTA-buffered solutions, consistent with action on one or more saturable Ca ++ transporters within the infected cell (Figure 4d , asterisks).
We performed control experiments to evaluate two indirect Ca ++ uptake that is linear over 1 h, as reported previously (Desai et al., 1996) . Addition of 10 μM CA-5 did not alter the kinetics of Ca ++ uptake (Figure 5a ). Initial rate measurements, calculated as the slope from linear regression fits, revealed that all six inhibitors used in our studies failed to significantly alter initial 45 Ca ++ uptake kinetics (Figure 5b ). These findings suggest that these compounds inhibit fluorescence development primarily through inhibition of transport at one or more intracellular sites within the infected erythrocyte.
We then used saponin exposure to liberate the intracellular parasite and examine Ca ++ transport across intracellular membranes. After loading freed parasites with Cal-520, fluorescence kinetics revealed a low Ca ++ permeability at the parasite plasma membrane (PPM, Figures 6a and S2) ; addition of SDS to lyse these cells confirmed dye loading and retention (arrow, Figure 6a ). When compared with the host erythrocyte membrane, the PPM exhibits a higher affinity for Ca ++ binding and uptake as decreasing the external Ca ++ to 8 μM with EGTA buffering did not compromise uptake (Figure 6b , p = .08, paired t test from n = 4 matched experiments with freed parasites).
Each of our six inhibitors blocked uptake into freed parasites ( Figure S2 ), supporting the above findings that these compounds act on Ca ++ trafficking within the intracellular parasite and not at the host membrane. Somewhat higher concentrations were required of each inhibitor to achieve block comparable with that observed with intact infected cells, possibly because of either altered loading of the Cal-520 AM indicator dye into parasite organelles or evolving leakiness of the freed parasite. Confocal imaging also confirmed action on one or more intracellular membranes ( Figure S2 ).
2.6 | Inhibitors kill parasite cultures through action on Ca ++ utilisation
As these inhibitors have relatively low target affinities, we selected CA-1 and CA-5 as two distinct scaffolds having marked improvement in K 0.5 upon Ca ++ restriction for growth inhibition studies. We used a When combined with a requirement for extracellular Ca ++ in parasite propagation (Wasserman et al., 1982; Zipprer et al., 2014) , it is tempting to assume that increased Ca ++ permeability is essential for intracellular development; our findings tentatively support this model with evidence for a proteinaceous mechanism dependent on one or more exported parasite proteins. Caution is, however, required because the increase in Ca ++ permeability is modest when compared with the more dramatic increases for organic nutrients (Desai, 2014) and because passive Ca ++ carriers endogenous to the host membrane may, in principal, fulfil the parasite's Ca ++ demands. Caution is also warranted in light of the proposal that increased Ca ++ permeability may be an artefact of experimental manipulations that deplete cellular ATP (Staines et al., 1999) .
As specific inhibitors would help address these uncertainties, we devised and executed a cell-based screen and identified the first inhibitors of infected cell Ca ++ trafficking. The identified compounds are unrelated to both known mammalian Ca ++ channel blockers and PSAC inhibitors. Our Pubchem structure searches determined that these compounds are not nonspecific hits in other screens but did reveal that CA-2 and CA-3 are related to a compound (CID: 2864758) that kills P. falciparum in a previous growth inhibition screen. These analy- Our Cal-520-based screen achieved a high Z′ score in 384-well microplates, permitting confident detection of hits with reproducible activity in secondary studies. We confirmed that the low concentrations of Cal-520 AM we loaded into cells did not interfere with parasite propagation. An important limitation, however, was that the subcellular distribution of this indicator dye could not be precisely controlled; possibly because of this limitation, the screening hits we selected for study did not target the host membrane as we intended but rather one or more unknown sites within the intracellular parasite.
Selection of in vitro resistant mutants followed by genome sequencing, as has been successfully applied to other antimalarial compounds acting on transporters, may address this unknown. An alternative approach, use of genetically-encoded Ca ++ sensor proteins known as GCaMPs, may address this limitation and has been reported in both P. falciparum and Toxoplasma gondii parasites (Pandey et al., 2016; Sidik et al., 2016) . Our unpublished studies with GCaMPs in P. falciparum revealed, however, that their signal is weaker than that of fluorescent dyes like Cal-520, yielding Z′ scores well below values acceptable for high-throughput screening.
The relatively slow kinetics of Ca ++ uptake in our experiments are consistent with modest, but significantly increased host cell permeability in 45 Ca ++ uptake studies (Desai et al., 1996; Staines et al., 1999 ). The slow kinetics in both fluorescence and 45 Ca ++ studies are not consistent with larger permeabilities reported in some whole-cell patch-clamp studies (Brand et al., 2003) . The small size and technical difficulties associated with infected cell patch-clamp warrant cautious interpretation of such studies, at least in part because our own patchclamp studies have implicated much smaller Ca ++ conductances (Desai et al., 1996; Desai et al., 2005) .
We also found that parasites liberated from their host cells exhibit relatively high-affinity, low-capacity Ca ++ uptake at their plasma membrane. The parasitophorous vacuolar membrane surrounding the parasite is highly permeable to Ca ++ and other solutes (Desai, Krogstad, & McCleskey, 1993) , suggesting that intracellular parasite must scavenge Ca ++ in the face of the low levels within erythrocyte cytosol. With such an environment, a high-affinity transporter on the parasite plasma membrane is appealing. Independent approaches to examine this transport will be required because experiments with freed parasites require cautious interpretation due to cell fragility upon saponin-induced release from host cells.
We propose a proteinaceous route dependent on parasite protein export for Ca ++ uptake at the host membrane of infected cells. When combined with our new inhibitors, these advances should help clarify the molecular mechanisms responsible for parasite Ca ++ uptake and utilisation; they may also lead to development of new antimalarials that target these unidentified but essential parasite activities. Goldberg, was cultivated in presence of 10 μM TMP and 2.5 μg/ml blasticidin S as described (Beck et al., 2014) . To inhibit PTEXmediated parasite protein export, HSP101 knockdown was initiated (Zhang et al., 1999 NHS ester with 2 mM lysine and extensive washing, the cell cytosol was harvested by haemolysis in hypotonic buffer (7.5 mM Na 2 HPO 4 , 1 mM EDTA, 1 mM PMSF, and pH 7.5) and ultracentrifugation (100,000 × g, 1 h, 4°C). The proteins were solubilised in Laemmli sample buffer containing 6% SDS, separated by electrophoresis in a 4-15% Mini-Protean TGX gel (Bio-Rad, Hercules, CA, USA), and transferred to nitrocellulose membrane. After blocking with 3% skim milk in 150 mM NaCl, 20 mM Tris HCl, and pH 7.4 with 0.1% Tween20, the blot was probed with streptavidin-HRP. Bands were visualised on X-ray film with chemiluminescent substrate.
| Organic solute permeability measurements
PSAC-mediated sorbitol permeability was quantified using osmotic lysis of infected cells as described previously (Ito et al., 2017) . Trophozoite-stage infected cells were enriched using Percoll-sorbitol or Percoll-xylitol gradient separation, washed and resuspended in 150 mM NaCl, 20 mM Na-HEPES, 0.1 mg/ml BSA, and pH 7.4.
Uptake was initiated by addition of 280 mM of sorbitol, 20 mM Na-HEPES, 0.1 mg/ml BSA, and pH 7.4. The transmittance of 700 nm light through the cell suspension was continuously recorded to measure osmotic lysis resulting from sorbitol uptake. Transmittance readings were normalised to 100% cell lysis by addition of 0.5%
saponin at the end of each recording. Osmotic lysis half-times and the fraction of cells refractory to osmotic lysis were determined as described previously (Ito et al., 2017 Initial Ca ++ uptake rates were then estimated by linear regression.
4.6 | Saponin-released parasites Imaging of freed parasites was similarly performed without fixation. Here, enriched trophozoite-infected cells were lysed with 20 volumes of 0.04% saponin in HBS for 3 min at room temperature. After washing, they were loaded with indicator dye in complete culture medium supplemented with 0.5 mM EGTA and 1 μM Cal-520 AM at a 0.1% hct for 30 min at 37°C with intermittent gentle resuspension.
After washing, these cells were incubated at 37°C for 12 h with 25 μM transport inhibitor or DMSO and imaged, both as described above for intact infected cells.
| Growth inhibition studies
In vitro parasite killing by transport inhibitors was estimated using a standard 72 h growth experiment and a SYBR Green I assay for parasite nucleic acid in 96-well format (Pillai et al., 2012) . To examine interactions between extracellular Ca ++ availability and inhibitor efficacy, 
| Statistical analysis
Statistical comparisons were performed in SigmaPlot 10 (Systat Software, San Jose, CA, USA) or Prism 7 (GraphPad Software, La Jolla, CA, USA) using Student's t tests or two-way analysis of variance with posttest as described (Benjamini, Krieger, & Yekutieli, 2006) .
